Protein disulfide isomerase (PDI) has two distinct CGHC redox-active sites; however, the contribution of these sites during different physiologic reactions, including thrombosis, is unknown. Here, we evaluated the role of PDI and redox-active sites of PDI in thrombosis by generating mice with blood cells and vessel wall cells lacking PDI (Mx1-Cre Pdi fl/fl mice) and transgenic mice harboring PDI that lacks a functional C-terminal CGHC motif [PDI(ssoo) mice]. Both mouse models showed decreased fibrin deposition and platelet accumulation in laser-induced cremaster arteriole injury, and PDI(ss-oo) mice had attenuated platelet accumulation in FeCl 3 -induced mesenteric arterial injury. These defects were rescued by infusion of recombinant PDI containing only a functional C-terminal CGHC motif [PDI(oo-ss)]. PDI infusion restored fibrin formation, but not platelet accumulation, in eptifibatide-treated wild-type mice, suggesting a direct role of PDI in coagulation. In vitro aggregation of platelets from PDI(ss-oo) mice and PDI-null platelets was reduced; however, this defect was rescued by recombinant PDI(oo-ss). In human platelets, recombinant PDI(ss-oo) inhibited aggregation, while recombinant PDI(oo-ss) potentiated aggregation. Platelet secretion assays demonstrated that the C-terminal CGHC motif of PDI is important for P-selectin expression and ATP secretion through a non-aIIbb3 substrate. In summary, our results indicate that the C-terminal CGHC motif of PDI is important for platelet function and coagulation.
Introduction
Protein disulfide isomerase (PDI) is the prototypic member of the PDI family of enzymes that catalyze the reversible formation and isomerization of disulfide bonds (1) . Platelet PDI mediates platelet aggregation, secretion (2, 3) , and adhesion of human platelets (4, 5) . Mouse platelets lacking PDI have decreased aggregation, and mice with PDI-deficient platelets have decreased platelet accumulation at a site of vascular injury; however, fibrin deposition was normal (6) . The role of PDI in coagulation and particularly in the regulation of tissue factor activity has been unclear (7, 8) . In vitro studies originally found PDI to be a negative regulator of tissue factor activation in cells (9) ; however, a subsequent report failed to confirm this and instead reported that phosphatidylserine exposure on cells was the principal factor regulating tissue factor activation (10) . Depending on the specific conditions and redox environment, PDI may potentiate or inhibit coagulation (11, 12) or tissue factor activation (8, 9, (12) (13) (14) . PDI has been shown to have a role in vivo in fibrin generation (13, (15) (16) (17) , although some of these studies used PDI inhibitors of uncertain specificity (6, 18) .
It has been known for several decades that PDI has two redox -active CGHC active site found in the catalytic a and a′ domains near the N-and C-terminus, respectively. Previous in vitro studies demonstrated that both CGHC sequences of PDI had approximately equal catalytic activity against the substrates scrambled RNase or insulin (19) . On the other hand, functional nonequivalence of each CGHC active site of PDI was demonstrated against reduced denatured RNase (20) . Specifically, inactivation of the N-terminal active site decreased the Kcat of PDI, while inactivation of the C-terminal active site increased the Km. Using a 28-residue synthetic peptide based on bovine pancreatic trypsin inhibitor (BPTI) as a substrate, the C-terminal active site was somewhat better at rearrangement of the disulfide bond 30-51, while the N-terminal active site was better at rearrangement of the disulfide bond 5-55 (21) . Using an in vitro assay that reconstituted the human Ero1-Lα/PDI oxidative folding pathway, the C-terminal active site of PDI was found to be much more active than the N-terminal active site (22) . The N-terminal active site of yeast PDI (29% identity to human PDI) was more important than the C-terminal active site against the yeast PDI substrate procarboxypeptidase (23) . These studies indicate distinct functions for the active sites of PDI. However, little or nothing is known about the relative importance of the active sites of PDI in mammalian cells or in proteins proven to be physiologic substrates (24, 25) .
The PDI-catalyzed reactions in the above studies involve isomerase activity (scrambled RNase, ref. 19 ; and BPTI assays, ref. 21 ) and oxidase activity (20, 22) . PDI on the platelet surface catalyzes reduction of disulfide bonds (26) (27) (28) and may also catalyze isomerization (29, 30) and oxidation (31) reactions. PDI on the platelet surface also catalyzes release of nitric oxide from S-nitrosoglutathione (32, 33) .
PDI facilitates activation of the αIIbβ3 fibrinogen receptor on the platelet surface (3, 6, 34) . However, the roles of each CGHC active site in this process are unknown. Inhibition of PDI is reported to attenuate platelet aggregation (3, 34) , and inhibitors of PDI have been proposed as antithrombotic agents (35) .
Protein disulfide isomerase (PDI) has two distinct CGHC redox-active sites; however, the contribution of these sites during different physiologic reactions, including thrombosis, is unknown. Here, we evaluated the role of PDI and redox-active sites of PDI in thrombosis by generating mice with blood cells and vessel wall cells lacking PDI (Mx1-Cre Pdi fl/fl mice) and transgenic mice harboring PDI that lacks a functional C-terminal CGHC motif [PDI(ss-oo) mice]. Both mouse models showed decreased fibrin deposition and platelet accumulation in laser-induced cremaster arteriole injury, and PDI(ss-oo) mice had attenuated platelet accumulation in FeCl 3 -induced mesenteric arterial injury. These defects were rescued by infusion of recombinant PDI containing only a functional C-terminal CGHC motif [PDI(oo-ss)]. PDI infusion restored fibrin formation, but not platelet accumulation, in eptifibatide-treated wild-type mice, suggesting a direct role of PDI in coagulation. In vitro aggregation of platelets from PDI(ss-oo) mice and PDI-null platelets was reduced; however, this defect was rescued by recombinant PDI(oo-ss). In human platelets, recombinant PDI(ss-oo) inhibited aggregation, while recombinant PDI(oo-ss) potentiated aggregation. Platelet secretion assays demonstrated that the C-terminal CGHC motif of PDI is important for P-selectin expression and ATP secretion through a non-αIIbβ3 substrate. In summary, our results indicate that the C-terminal CGHC motif of PDI is important for platelet function and coagulation.
The C-terminal CGHC motif of protein disulfide isomerase supports thrombosis PDI-deficient platelets in a dose-dependent manner (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI80319DS1). Another inhibitor of PDI, quercetin-3-rutinoside, which also inhibits aggregation of PDIdeficient platelets (6) , inhibited ERp57 in the Di-E-GSSG assay as effectively as it inhibited PDI (Supplemental Figure 1 , C and D). Since both RL90 and quercetin-3-rutinoside inhibit aggregation of PDI-null platelets (6) and ERp57 (41) , studies using targeted Pdi knockout mice and transgenic mice are important in characterizing the role of PDI in vivo.
Mice with platelets lacking PDI have long tail bleeding times and times to occlusion and impaired platelet function. Tail bleeding times were approximately doubled in mice with PDI-deficient platelets relative to those in Cre -littermate controls ( Figure 2A ). The time to complete occlusion after the FeCl 3 -induced injury of the carotid artery was also doubled in the mice with PDI-deficient platelets ( Figure 2B ). These findings indicate that platelet-derived PDI is required for both hemostasis (tail bleeding times) and thrombosis (carotid artery occlusion). Thrombin-induced activation of αIIbβ3 ( Figure 2C ), P selectin expression ( Figure 2D ), and thrombin-and convulxin-induced aggregation ( Figure 2 , E and F) were decreased in platelets lacking PDI. Higher doses of thrombin or convulxin overcame the aggregation defect (Supplemental Figure 2) .
The catalytic activity of the C-terminal CGHC motif of PDI is required for platelet aggregation. Recombinant wild-type PDI [rPDI(ss-ss)] potentiated aggregation of human platelets, while completely inactivated recombinant PDI [rPDI(oo-oo)] inhibited aggregation ( Figure 3A ). This indicates that the catalytic activity of the active sites of PDI is required for PDI function. To determine the relative importance of the two active sites of PDI in platelet function, we tested the effect of two mutants of the enzyme on aggregation. One mutant had the N-terminal CGHC motif inactivated, rPDI(oo-ss), and the other mutant had the C-terminal CGHC motif inactivated, rPDI(ss-oo). The mutant that retained the C-terminal CGHC motif potentiated thrombin-induced aggregation to a similar degree as wild-type rPDI(ss-ss) ( Figure 3A ). In contrast, the mutant with the inactive C-terminal CGHC motif inhibited aggregation. These results imply that the C-terminal active site of PDI is important for platelet aggregation. While rPDI(ss-oo) inhibited platelet aggregation, the extent of the inhibition was not as great as that seen with rPDI(oo-oo) ( Figure 3A) , suggesting that the N-terminal active site may have some contribution to platelet aggregation. Preincubating PDI-null platelets with rPDI(oo-ss) led to a dose-dependent recovery of platelet aggregation ( Figure  3B ), consistent with the importance of the catalytic activity of the C-terminal CGHC motif of PDI to human platelet biology.
Characterization of knockout transgenic PDI(ss-oo) mice. We then went on to determine the physiological significance of the two CGHC active sites individually in vivo; however, while we could establish transgenic PDI(ss-oo) mice and rescue the lethal phenotype of Pdi -/-mice, a parallel transgenic mouse PDI(oo-ss) with an inactive N-terminal CGHC motif and an active C-terminal CGHC motif could not rescue the lethal Pdi -/-phenotype. This suggests that the N-terminal but not C-terminal CGHC site is required for animal viability (which is opposite to the findings of the hemostasis studies shown later).
Knowledge of the role of PDI in thrombosis and the mechanism by which it acts would facilitate the design of therapeutic inhibitors.
Another member of the PDI family of enzymes, ERp57, with high homology to PDI, is also needed for platelet accumulation and fibrin generation (36, 37) . Although little is known about the interactions between PDI and ERp57 in thrombosis, they play distinct roles in polyomavirus infection (38) . Specifically, PDI reduces disulfide bonds in the polyomavirus protein, while ERp57 isomerizes disulfide bonds. While ERp57 and PDI appear to have distinct roles in thrombosis (36, 37) , how they cooperate in thrombosis is not known.
The aim of this study was to determine the relative importance of each active site of PDI in platelet function and coagulation and to characterize the role of PDI in fibrin generation in vivo without the use of inhibitors. To do this, we generated Pf4-Cre and Mx1-Cre Pdi knockout mice and knockout transgenic mice with the C-terminal CGHC motif of PDI rendered inactive [transgenic PDI(ss-oo) mice]. We found that the C-terminal CGHC motif of intravascular PDI was required for both platelet accumulation and fibrin generation.
Results
Targeted knockout of Pdi in mouse platelets. Since global deletion of PDI is embryonically lethal in mice, to determine whether platelet-derived PDI had a role in thrombus formation, we generated a platelet-specific knockout. Conditional Pdi knockout mice were generated by introducing loxP sites flanking the ATG start codon and coding exons 1 and 2 of the Pdi gene by gene targeting ( Figure  1A ). Using a 5′ cDNA probe, wild-type genomic DNA yielded a 5.1-kb fragment, while a Flp-mediated excised allele yielded an 8.1-kb hybridization signal. Targeting of the PDI locus was confirmed by Southern blot of PciI-digested genomic DNA hybridized with this probe ( Figure 1B Figure 1C ). PDI was absent in Western blots of platelet lysates prepared from Pf4-Cre Pdi fl/fl mice, confirming successful targeting of the enzyme ( Figure 1D ). No changes in ERp57, ERp5, or ERp72 levels were detected by Western blotting of PDI-deficient platelets ( Figure 1D ). Complete blood counts in Pf4-Cre Pdi fl/fl mice revealed no abnormalities. Platelet counts (Figure 1E ) and size (mean platelet volume [MPV] = 6.59 ± 0.02 fl SEM) were comparable to those of Cre -littermates (MPV = 6.94 ± 0.14 fl, P = NS, n = 10, per arm). There were no differences in expression of the major platelet surface glycoproteins, αIIbβ3, GpIbα, and GpVI ( Figure 1F ). Since platelet counts, expression of major platelet surface glycoproteins, and MPV were normal in Pf4-Cre Pdi fl/fl mice, either PDI does not have a significant role in platelet production or biogenesis of the major glycoproteins or other members of the PDI family compensate for loss of PDI (25, 40) .
Having generated mice with PDI-deficient platelets, we were able to further test PDI inhibitors for their specificity. A commonly used inhibitory antibody to PDI, RL90, inhibited aggregation of jci.org Volume 125 Number 12 December 2015 specific for PDI on a Western blot of platelet lysates (Supplemental Figure 3B ) and did not cross react with other PDIs (Supplemental Figure 3C ). Using this antibody, similar levels of PDI were found on transgenic and wild-type platelets in both resting and activated conditions (Supplemental Figure 3 , D and E). The levels of plasma PDI in transgenic PDI(ss-oo) mice and wild-type mice were also similar (Supplemental Figure 3F ). Since the PDI(ss-oo) transgene is expressed in all mouse tissues, the mutant PDI will be expressed in hepatocytes as well as vascular wall cells. The prothrombin time (PT) and the activated partial thromboplastin time (APTT) of these mice were normal (Supplemental Figure 3G) , consistent with these mice not having developed a coagulopathy. Transgenic PDI(ss-oo) mice have prolonged tail bleeding times and times to occlusion and impaired platelet function. Similar to that in the mice with PDI-deficient platelets, the tail bleeding times were approximately double in transgenic PDI(ss-oo) mice compared with those in wild-type mice ( Figure 5A ). The times to thrombosis after FeCl 3 -induced injury of the carotid artery were also prolonged PCR of tail DNA indicated that the transgenic mice expressed the transgene (Figure 4, A and B) . The mRNA levels of the transgene were comparable to those of endogenous Pdi in wild-type control mice on the same mixed C57BL/6 × 129Sv genetic background ( Figure 4C ). Sequencing of the PCR product of the cDNA transgene demonstrated the 2 mutations of nucleotide G-to-C in 2 places, yielding 2 Cys-to-Ser mutations in the PDI(ss-oo) transgene ( Figure 4D ). The platelets of transgenic and wild-type mice expressed similar PDI protein levels ( Figure 4E ) and similar ERp57 and ERp72 levels. Levels of PDI, ERp57, and ERp72 in endothelial cells, monocytes, and neutrophils were comparable (Supplemental Figure 3A) . Complete blood counts in transgenic PDI(ss-oo) mice revealed no abnormalities. Platelet counts ( Figure 4F ) and size (MPV = 6.33 ± 0.23 fl) were comparable to those of wild-type controls (MPV = 6.55 ± 0.64 fl, P = NS, n = 12 mice per arm). There was no difference in expression of αIIbβ3, GPIbα, or GpVI ( Figure  4G ). The level of PDI on transgenic platelets was evaluated by flow cytometry using a rabbit anti-PDI antibody. This antibody was Figure 6A ), with the decrease being statistically significant over the 5-to 15-minute time interval ( Figure 6B ). The aggregation defect of platelets from transgenic PDI(ss-oo) mice was corrected by the addition of rPDI(oo-ss) ( Figure 6C ). These data affirm the importance of the C-terminal CGHC motif of PDI in platelet aggregation and imply a role for this motif of PDI in platelet accumulation.
Recovery of platelet accumulation in mice lacking platelet PDI by infusion of rPDI(oo-ss).
All cells in the transgenic PDI(ss-oo) mouse model, including cells in the vascular endothelial cells, express PDI with an inactive C-terminal CGHC motif. To determine the importance of the C-terminal active site of plateletderived PDI, we examined platelet accumulation using ( Figure 5B ). These results imply that the C-terminal active site of PDI has a role in hemostasis and thrombosis. Similar to that in the PDI-deficient platelets, thrombin-induced activation of the αIIbβ3 receptor, P selectin expression, and thrombin-and convulxininduced aggregation were decreased in platelets with PDI lacking the C-terminal active site ( Figure 5 , C-F). Higher doses of thrombin or convulxin overcame the aggregation defect (Supplemental Figure 4) .
Incorporation of transgenic PDI(ss-oo) platelets into a growing thrombus is decreased.
We examined incorporation of transgenic PDI(ss-oo) platelets in the transgenic mouse into a developing thrombus using FeCl 3 in a mesenteric artery thrombosis model, in which the thrombosis is dependent on αIIbβ3 (36). Incorporation of PDI(ss-oo) platelets into the thrombus was substantially α-granules ( Figure 2 and Figure 5 ), we used eptifibatide to determine whether PDI-mediated P selectin expression was dependent on αIIbβ3. As expected, eptifibatide inhibited binding of an activation-specific antibody, JON/A, to αIIbβ3 ( Figure 8A ); however, it did not inhibit P selectin expression ( Figure 8B ). When we added rPDI(ss-oo) or rPDI(oo-ss) to PDI-null platelets prior to platelet activation, only rPDI(oo-ss) recovered P selectin expression ( Figure 8C ). In addition, eptifibatide inhibited binding of the activation-specific αIIbβ3 antibody, PAC1, to human platelets but did not inhibit P selectin expression (Supplemental Figure 5 , A and B). rPDI(ss-oo) inhibited P selectin expression of human platelets (Supplemental Figure 5C ). Together, these data indicate that the C-terminal active site of PDI mediates P selectin expression in a manner that is independent of αIIbβ3.
ATP secretion from dense granules of PDI-null platelets was about 50% of that of normal platelets ( Figure 8D ). With addition of rPDI(oo-ss), but not rPDI(ss-oo), ATP secretion returned to normal, while aggregation remained unchanged. Using human platelets with maximal aggregation, rPDI(ss-oo) selectively inhibited ATP secretion but not aggregation (Supplemental Figure 5E ). Taken together, these data imply that the C-terminal active site of PDI mediates ATP release and that the role of PDI in ATP secretion can be dissociated from its role in aggregation.
Intravascular PDI is required for fibrin deposition. Since each thrombosis model has advantages and disadvantages, in studying a novel mechanism, it is important to use more than one model to exclude a finding being model based. To this end, we used a laser-induced injury as our second thrombosis model. This model also allowed us to follow fibrin deposition simultaneously with platelet accumulation. We next examined the role of PDI in fibrin formation using Pf4-Cre Pdi fl/fl mice, Mx1-Cre Pdi fl/fl mice, and the transgenic PDI(ss-oo) mice.
Pf4-Cre Pdi
fl/fl mice in the mesenteric artery model. Incorporation of PDI-deficient platelets into the thrombus was substantially decreased ( Figure 6D ), with the decrease being statistically significant over the 5-to 15-minute time interval ( Figure 6E ). These results indicate a role for platelet-derived PDI in platelet accumulation. Infusion of rPDI(oo-ss) into the platelet-specific PDI-null mice rescued the defect in platelet accumulation (Figure 6, D and E), supporting the importance of the C-terminal CGHC motif of platelet PDI in platelet function in vivo.
αIIbβ3 is the principal binding site for PDI on the platelet surface. To further understand the mechanism by which PDI regulates platelet aggregation and activation of αIIbβ3, we examined binding of PDI to αIIbβ3. PDI binding to thrombin-activated β3-null platelets was substantially decreased compared with binding to wild-type platelets ( Figure 7 ), as previously described (6) . To study PDI binding to activated αIIbβ3 in the absence of platelet activation, we treated the platelets with Mn 2+ , which directly induces conformational changes in αIIbβ3 without causing platelet activation (42) . Binding of PDI to Mn (25) .
The C-terminal CGHC motif of PDI is required for P selectin expression and ATP secretion. To explore the regulatory mechanisms by which PDI mediates P selectin expression from Submaximal aggregation (baseline) was stimulated with thrombin (0.025 U/ml). Representative tracings from a single experiment show the effect of adding PDI (1.5 μM), along with corresponding cumulative data; mean ± SEM, n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA. (B) Correction of the aggregation defect of Pf4-Cre Pdi fl/fl platelets by addition of rPDI(oo-ss). Aggregation of washed PDI-null mouse platelets preincubated with rPDI(oo-ss) at the indicated concentrations is compared with aggregation of platelets from control Pdi fl/fl mice. Representative tracings show the effect of adding rPDI(oo-ss), along with corresponding cumulative data; mean ± SEM, n = 5, *P < 0.05, ***P < 0.001, ANOVA. rPDI at 37°C was added 5 minutes prior to the addition of thrombin (0.015 U/ml). jci.org Volume 125
Number 12 December 2015
While Pf4-Cre Pdi fl/fl mice have a major defect in platelet accumulation at sites of injury, they did not have a defect in fibrin deposition ( Figure 9 , A-C, and ref. 6) , suggesting that PDI from other cellular sources compensates for loss of platelet PDI. Previous studies have proposed that two major sources of extracellular PDI for thrombosis in vivo are platelets (6) and endothelial cells (16) . To eliminate PDI contributions from other cells in the vascular system in addition to platelets, we generated Mx1-Cre Pdi fl/fl mice using an inducible promoter approach. PDI was dramatically reduced in platelets and endothelial cells of Figure 7A ), as previously described (43) . Platelet size (6.13 ± 0.08 fl) was also comparable to that of Cre -littermates (6.32 ± 0.12, P = NS, n = 11 per arm). There were no differences in expression of the major platelet surface glycoproteins, αIIb3, GpIb, and GpVI (Supplemental Figure 7B) . The PT and the APTT of these mice were normal (Supplemental Figure 7C) .
Mx1-Cre Pdi fl/fl mice lacking PDI in vessel wall cells and platelets exhibited substantial defects in both platelet accumulation and fibrin deposition at sites of injury ( Figure 9 , D and E). The transgenic PDI(ss-oo) mice also had decreased platelet accumulation and a highly significant defect in fibrin deposition ( Figure 10 , A-C). Infusion of rPDI(oo-ss) containing only a functional C-terminal active site recovered platelet and fibrin deposition in both Mx1-Cre Pdi fl/fl mice and transgenic PDI(ss-oo) mice. These studies indicate that intravascular PDI mediates both platelet accumulation and fibrin deposition through the C-terminal active site.
We previously demonstrated a role for the C-terminal active site of ERp57 in platelet accumulation and fibrin deposition (36, 37) . To further distinguish the roles of PDI and ERp57 in thrombosis, we performed experiments in which we infused recombinant ERp57(ss-oo) with C-terminal CGHC motif inactivated [rERp57(ss-oo)] into the transgenic PDI(ss-oo) mice or into Mx1-Cre Pdi fl/fl mice. Infusion of rERp57(ss-oo) resulted in further inhibition of both platelet and fibrin deposition (Supplemental Figure 8 , A-D). As we previously reported (37), Tie2-Cre ERp57 fl/fl mice that lack ERp57 in endothelial cells and platelets had decreased platelet and fibrin accumulation (Supplemental PCR products of tail DNA from wild-type mice and transgenic PDI(ss-oo) mice. PCR with primers C and D gave the expected 441-bp product (no product was seen from the wild-type allele, as this includes exons and is too large for PCR). PCR with primers A and B gave the predicted 305-bp product for the transgenic PDI(ss-oo) and the corresponding 530-bp product from the wild-type allele (includes both intron and exon elements). PCR products of β-actin served as control. (C) RT-PCR products of platelet mRNA from wild-type and transgenic PDI(ss-oo) mice. (D) Sequencing of cDNA prepared from platelet mRNA shows the 2 G-to-C substitutions in the C-terminal active site domain. The PCR product using primers C and D was subjected to sequencing using primer A. (E) Western blot of platelet lysate using a polyclonal rabbit anti-PDI antibody shows equal amounts of PDI, ERp57, and ERp72. The PLCγ2 loading controls for PDI are shown. Separate loading controls were run for ERp57 and ERp72, with similar amounts of protein found in each sample (data not shown). Results in B-E are each representative of 3 separate experiments. (F) Platelet counts in wild-type and transgenic PDI(ss-oo) mice; mean ± SEM, n = 12, t test. (G) Normal expression of αIIbβ3, GPIb, and GPVI in platelets from transgenic PDI(ss-oo) mice compared with wild-type mice; mean ± SEM, n = 10, t test. jci.org
Volume 125 Number 12 December 2015 deposition (Supplemental Figure 9, A and B) . Similarly, infusion of rPDI(oo-ss) into Tie2-Cre ERp57 fl/fl mice did not result in significant recovery of platelet accumulation and fibrin deposition (Supplemental Figure 9, C and D) . Together, these results suggest that the C-terminal active sites of ERp57 and PDI have distinct roles and that both are critical in these processes.
Since leukocytes may have a role in thrombosis (44) and PDI was decreased in the leukocytes of Mx1-Cre Pdi fl/fl mice, we looked for the presence of leukocytes at the site of injury. Using in vivo labeling with FITC-conjugated anti-CD11b (44), we detected migrating leukocytes in the cremaster venules (Supplemental Video 1) but did not see rolling or adhesion of leukocytes at the sites of arteriolar injury in wild-type mice (Supplemental Video 2). Using Hoechst in vivo staining of leukocyte nuclei (45), leukocytes were visualized in the cremaster venules (Supplemental Video 3).
We again did not detect leukocyte rolling or adhesion at sites of arteriole injury (Supplemental Video 4). Therefore, leukocytes do not appear to be involved in our arteriole thrombosis model. PDI accumulates at the site of vascular injury in 15 to 30 seconds (15), and Kim et al. reported that PDI was found at the site of laser-induced vessel injury and on the developing platelet thrombus (6) . Platelet thrombi consist of a heterogeneous population of platelets with varying degrees of activation, with the most activated platelets being in close proximity to the site of injury (46) . Using confocal imaging, we visualized accumulation of Alexa Fluor 488-labeled rPDI(oo-ss) in wild-type and Pf4-Cre Pdi fl/fl mice (Supplemental Videos 5 and 6). PDI accumulated at the site of injury in close proximity to the developing platelet thrombus. In some areas, the PDI signal appeared to be on the developing thrombi, consistent with possible colocalization of PDI with platelets. Using two genetically engineered mouse models, we provide the first genetic evidence to our knowledge that intravascular PDI mediates fibrin generation and that it does this through its C-terminal active site. We found that Mx1-Cre Pdi fl/fl mice that did not express PDI in blood cells and vessel wall cells had a significant defect in fibrin formation. The importance of PDI in fibrin generation was confirmed in transgenic PDI(ss-oo) mice in which PDI function is defective. Reinhardt et al. showed that PDI infusion increased fibrin deposition in normal mice, demonstrating that PDI activated coagulation in vivo (13). Kim et al. subsequently showed that infusion of PDI increased both fibrin generation and platelet accumulation (6) . Since PDI has a dual regulatory role in platelet accumulation and fibrin deposition and platelets can provide the procoagulant surface that supports coagulation (47), we examined whether the effect of PDI on coagulation was direct or secondary to its role in platelet accumulation. Infusion of eptifibatide decreased fibrin generation, indicating that platelet accumulation has a role in fibrin deposition. However, infusion of wild-type PDI into eptifibatide-treated mice recovered fibrin deposition without any recovery of platelet deposition (Figure 11 ), suggesting that PDI directly regulates fibrin generation. Furthermore, the defective fibrin deposition in the Mx1-Cre Pdi fl/fl and transgenic PDI(ss-oo) mice was rescued by infusion of rPDI(oo-ss) ( Figure 9F and Figure 10C ), demonstrating the importance of the C-terminal active site of PDI for fibrin generation.
The C-terminal active site of PDI is also important for platelet function. Using human platelets, only PDI with a functional C-terminal active site potentiated aggregation, and the aggregation defect in transgenic PDI(ss-oo) platelets was recovered by the addition of rPDI(oo-ss). Infusion of rPDI(oo-ss) corrected the platelet accumulation defect in Pf4-Cre Pdi fl/fl , Mx1-Cre Pdi fl/fl , and transgenic PDI(ss-oo) mice. Together, these data indicate that the catalytic activity of the C-terminal CGHC motif of PDI is critical for the conformational changes leading to activation of αIIbβ3 and platelet accumulation.
To determine whether fibrin generation is dependent on platelets in our injury model, we infused eptifibatide to block platelet accumulation. As expected, platelet accumulation was entirely inhibited by eptifibatide ( Figure 11, A and B) . A major decrease in fibrin generation was also seen (Figure 11C ), indicating that, in this model, platelets have a role in fibrin deposition. The decrease in fibrin deposition, but not the decrease in platelet accumulation, was reversed with infusion of wild-type recombinant PDI.
Discussion
Studies using a variety of in vitro assays and substrates over several decades indicate distinct biochemical activities for the two active sites of PDI (19) (20) (21) (22) (23) . However, no study to date has addressed the relative importance of each active site of PDI in mammalian cells or a physiologic environment. Using genetically modified mouse models along with recombinant PDI variants, we demonstrate for the first time to our knowledge that the C-terminal active site of PDI is important for hemostasis and thrombosis. Whole-body knockout of PDI is lethal in embryogenesis, but the introduction of the PDI(ss-oo) transgene with a functional N-terminal active site rescued the lethal phenotype, indicating that only the N-terminal CGHC motif is important for murine survival. 2+ -treated wild-type or β3-null platelets. Washed mouse platelets (3 × 10 8 /ml) were preincubated with Alexa Fluor 488 PDI (30 μg/ml) for 10 minutes at room temperature and then activated by thrombin (0.5 U/ml) or treated with Mn 2+ (5 mM) for 5 minutes at room temperature. Surface binding of Alexa Fluor 488 PDI was detected by flow cytometry; mean ± SEM, n = 5, *P < 0.05, ***P < 0.001, ANOVA. jci.org Volume 125
The C-terminal active site of PDI mediates P selectin expression and ATP secretion. Since P selectin expression was not dependent on outside-in signaling through αIIbβ3, the target for the C-terminal active site of PDI on the platelet surface is evidently not this integrin. ATP secretion was similarly dependent on PDI with an intact C-terminal active site. Since normal aggregation was maintained in these experiments, the decrease in ATP secretion is consistent with the C-terminal active site of PDI regulating this process via a platelet surface target other than αIIbβ3. Both P selectin and ATP have a role in platelet function (49, 50) and are markers of α-and dense granule secretion, suggesting further mechanisms by which the C-terminal active site of PDI mediates thrombosis.
We previously showed a role for ERp57 in thrombosis (37) , and in the current studies, we provide evidence that PDI has a distinct role from ERp57 in thrombosis. Deficiency of PDI in Mx1-Cre Pdi fl/fl mice with normal ERp57 levels resulted in defects in both platelet accumulation and fibrin generation (Figure 9, D-F Figure 8) . Moreover, Pf4-Cre Pdi fl/fl mice had no defect in fibrin deposition ( Figure 9C ), whereas Pf4-Cre ERp57 fl/fl mice had a defect in fibrin deposition (37) . Together, these data imply distinct roles of PDI and ERp57 in thrombosis.
In conclusion, we provide insights into the two CGHC redox -active sites in PDI. While the N-terminal site is required for murine viability, the C-terminal site is key for the role of intravascular PDI in platelet function and fibrin formation. In addition, we provide insights into the mechanisms by which PDI regulates thrombosis. Knowledge of the functional active site in thrombosis should allow for development of more specific and efficient anti-PDI reagents to maximize antithrombotic effects, while minimizing off-target effects. PDI molecules from different cellular sources form a spatial-temporal network necessary for initiation and maturation of thrombus formation. Both PDI and the highly homologous ERp57 (36, 37, 41, 51) regulate platelet function and fibrin formation, revealing the complexity of PDI The major binding site for PDI on the platelet surface appears to be αIIbβ3. The binding of PDI to thrombin-activated platelets was dependent on αIIbβ3. Since αIIbβ3 contributes to phospholipid exposure on the surface of activated platelets (48) , the decreased binding of PDI to β3-null platelets could be due to loss of non-αIIbβ3-binding sites. However, when αIIbβ3 on the platelet surface was directly activated with Mn 2+ , the binding of PDI was still dependent on αIIbβ3 (Figure 7 ). This suggests that PDI directly interacts with αIIbβ3. There was little binding of soluble PDI to resting platelets. Therefore, the increased binding of PDI to platelets is dependent on conformational changes that occur in αIIbβ3 as it undergoes activation. Since only rPDI(oo-ss) potentiates aggregation, the C-terminal active site of PDI may catalyze disulfide rearrangement in αIIbβ3, leading to the high-affinity form of this integrin and platelet aggregation. family function in thrombosis. Further characterization of the specific reactions these enzymes catalyze should help advance our understanding of the mechanisms of thrombosis and also facilitate optimal development of antithrombotic agents, with dual inhibition of platelet function and coagulation.
Methods
Additional details are available in the Supplemental Methods. Materials. The following monoclonal antibodies were used: PE-labeled JON/A, anti-mouse αIIb and β3 complex, GpIbα, and Isolation of endothelial cells from mice. Mouse endothelial cells were isolated from lungs and aortas as described previously (56) . Briefly, after the experiments were completed, the mice were euthanized by exsanguination, followed by exposure of the thoracic cavity and removal of aorta. After the left atrium was cut, 10 ml cold PBS with 0.1% heparinized solution was injected via the right ventricle to completely flush blood cells from the lungs. A needle with a polyethylene catheter was inserted into the left ventricle, and aorta was washed with cold PBS with 0.1% heparinized solution using a pressurized pump. Lungs and aortas were removed and minced into small pieces, followed by incubation for 60 minutes at 37°C with 5 ml 0.1% collagenase A (Roche Inc.). The digested tissue suspension was aspirated into to a 20-ml syringe with a 14-gauge cannula, and clumps were triturated into a single-cell suspension. The single-cell suspension was filtered through a 70-μm strainer. The filtered cell suspension was centrifuged for 10 minutes at 300 g, and the cell pellet was washed once with 0.5% BSA, 2 mM EDTA, and PBS (pH 7.2). The cell pellet was suspended with 90 μl binding buffer per 10 7 total cells, followed by the addition of 10 μl CD31 MicroBeads (130-097-418, Miltenyi Biotec) per 10 7 total cells. After incubation at 4°C for 15 minutes in the refrigerator, bead-bound cells were washed with 0.5% BSA, 2 mM EDTA, and PBS (pH 7.2) and removed using a magnetic EasySep (Stem Cell Technologies). Bead-bound cells were suspended in complatelet-specific deletion of PDI in mice, a targeting construct containing the first and second exons of the Pdi gene flanked by loxP sites (a 34-bp recognition sequence for Cre recombinase) and a PGK-neo selection cassette flanked by FRT sites (base pair sequence recognized by Flp recombinase) was generated ( Figure 1A ). Once the targeting construct was incorporated into the mouse germline, the neo cassette was removed by crossing the mice with mice expressing Flp recombinase (deleter mice) under a ubiquitous β-actin promoter (54). For confirmation of the recombination, the blotted genomic PciI digest was tested using Southern blot analysis and an external 5′-SA-E-A probe. Mice homozygous for the Pdi floxed allele (loxP sites flanking exons 1 and 2) on a C57BL/6 × 129Sv background were crossed with Pf4-Cre mice (The Jackson Laboratory) on a C57BL/6 background (39 assessed by RT-PCR of total platelet mRNA as previously described (36) . Expression of Cre recombinase, ERp57, and β-actin was also assessed. The primers used were as follows: Pdi, sense 5′-tgacctggctcagcagtatg, antisense 5′-gaaaccgatgaccgtcactt; ERp57, sense 5′-tatgatgggcctaggactgc, antisense 5′-tgctggctgcttttaggaat; Cre, sense 5′-cccatacagcacaccttttg, antisense 5′-tgcacagtcagcaggtt; and β-actin, sense 5′-gtccctcaccctcccaaaag, antisense 5′-gctgcctcaacacctcaaccc. All experiments with mice were performed on 8-to 12-week-old mice, with 50 mg/kg intraperitoneal pentobarbital used for anesthesia (41) . Complete blood cells counts, white blood cell differential counts, and red blood cell and platelet indices were measured using a Sysmex Coulter Counter (XT2000-iV).
Generation Platelets and fibrin were detected as described in Figure 9 . (A) Representative intravital microscopy fluorescence images show platelet accumulation (green) and fibrin deposition (red). Original magnification, ×64. Scale bar: 25 μm. The median integrated FIs of (B) anti-CD41 (platelets) and (C) anti-fibrin (fibrin) antibodies. Data were analyzed as described for Figure 9 , with only significant differences shown; *P < 0.05; ***P < 0.001, Mann-Whitney rank-sum test. The data were obtained from 30 thrombi in 3 mice for each experimental condition. jci.org Volume 125
Number 12 December 2015 gous line was created by systematic breeding of heterozygotes and confirmed by quantitative PCR. Once the homozygous line was generated, homozygosity was maintained by inbreeding. In adopting this approach of homozygous inbreeding, we did not have littermate controls. Control wild-type mice were obtained by breeding CMV-Cre Pdi WT/fl mice on a mixed C57BL/6 × 129Sv background with wild-type C57BL/6 mice (The Jackson Laboratory). Therefore, the control and transgenic PDI(ss-oo) mice were on the same background. RNA extraction, RT-PCR, and PCR. Total RNA was extracted from mouse platelets by using TRIzol Reagent (Life Technologies) according to the manufacturer's instructions. Reverse transcription was performed with total RNA (10 ng) using the RevertAid FirstStrand cDNA Synthesis Kit (Fermentas). The PCR reactions were carried out using cDNA obtained from reverse transcription or tail DNA using Dream Taq Green PCR Master Mix (Fermentas) according to the manufacturer's instructions.
Western blotting. Proteins from platelet lysates were separated by 8% SDS-PAGE and transferred onto a PVDF membrane (Millipore). The membranes were blocked with 1% BSA in PBS. After extensive washing with TBS containing 0.1% Tween 20, the immunoblots were incubated with the primary antibodies for 2 hours. Antibody binding was detected by using IRDye 800-conjugated goat anti-mouse IgG (LI-COR Bioscience) or IRDye 680-conjugated goat anti-rabbit IgG (LI-COR Bioscience) and visualized with an ODYSSEY infrared imaging system (LI-COR). The data are representative of 3 or 4 independent experiments.
Bleeding time analysis. The bleeding time assay was performed as described previously using a razor blade to transect the mouse tail 3 mm from the tip, with the tail immersed in a 12-ml test tube containing PBS at 37°C (41) . Bleeding times were determined when the bleeding stopped for more than 10 seconds. When necessary, bleeding was stopped manually at the 15-minute time point. Age, sex, and body weight were comparable for the control and experimental groups. Generation of transgenic PDI(ss-oo) mice. Transgenic mice were generated using the transgene expressed in mice with a whole-body knockout as described previously (57) . The PDI(ss-oo) mutant cDNA was generated by site-directed mutagenesis in wild-type mouse PDI cDNA, which was expressed in pCMV6-Neo plasmid (Origene) as a template (C mice to generate transgenic PDI(ss-oo) mice, whose endogenous Pdi was globally deleted (homozygous global Pdi knockout mice). These mice did not have wild-type Pdi alleles and exclusively expressed PDI(ss-oo). The expression of PDI(ss-oo) mRNA in platelets was tested by RT-PCR using the following primers: sense 5′-tgcctgaagactgggacaa and antisense 5′-ccgctcgccattgtaatc.
To enhance the phenotype of these mice, we examined homozygotes for the transgene as described previously (57) . However, when using PCR to genotype transgenic mice, we can reliably distinguish only heterozygous or homozygous for transgene or wild-type. To have a homogeneous population to study with full certainty, a homozy- Figure 11 . Infusion of rPDI(ss-ss) recovers fibrin deposition but not platelet accumulation in eptifibatide-treated mice. Eptifibatide (10 μg/g body weight) was infused into C57BL/6 wild-type mice before injury and reinfused every 20 minutes for subsequent thrombi as described (37) . Cremaster arteriole injury was induced in wild-type mice. In some experiments, rPDI(ss-ss) was infused (200 μg per mouse) 10 minutes prior to the first dose of eptifibatide. (A) Representative intravital microscopy fluorescence images show platelet accumulation (green) and fibrin deposition (red). Original magnification, ×64. Scale bar: 25 μm. (B) Platelet accumulation and (C) fibrin deposition was analyzed as described for Figure 9 , with only significant differences shown; *P < 0.05; ***P < 0.001, Mann-Whitney rank-sum test. The data were obtained from 30 thrombi in 3 mice for each experimental condition. jci.org Volume 125
and counts were adjusted to 200,000 platelets per μl for aggregation studies. Secretion of ATP was monitored with the Chronolog Lumi-Aggregometer as previously described (34) . Coagulation testing. The PT and the APTT were measured using a START 4 Coagulation Analyzer (Diagnostica Stago) according to the manufacturer's instructions. Mouse blood samples were collected through a retro-orbital bleed (Mx1-Cre Pdi fl/fl mice) or through the inferior vena cava [PDI(ss-oo) mice] and combined with 147 mM sodium citrate at a ratio of 9:1 and centrifuged at 3,000 g for 10 minutes. For the Mx1-Cre Pdi fl/fl mice, the samples were collected 1 week after the last treatment with poly(I:C). Plasma was incubated at 37°C for 2 minutes. The PT and the APTT were measured by adding NEOPLASTINE CI PLUS (Diagnostica Stago). Flow cytometry and aggregation and secretion studies of human platelets. Flow cytometry studies of human platelets were performed using platelet-rich plasma prepared and diluted into Tyrode's buffer as described previously (41) . Aggregation studies were performed using washed platelets prepared and suspended in modified Tyrode's buffer to which calcium (1 mM) was added as described previously (60) . The percentage of aggregation was calculated from the amplitude of the tracings at 5 minutes and normalized to the response of the untreated control within an individual experiment. Secretion of ATP was monitored with the Chronolog Lumi-Aggregometer as previously described (34) .
Generation of recombinant human PDI protein. The cDNA for human PDI in the pTriEX-4 Neo vector (Novagen) with an N-terminal histidine tag was obtained from Bao-bing Zhu (University of Kansas Medical Center, Kansas City, Kansas, USA). After extraction from the gel, the resulting PCR product and the pTriEX-4 Neo vector were enzyme digested by SmaI and NotI. Human and mouse PDI were expressed in E. coli strain BL21 (DE3) pLysS (Promega) and purified on a Ni Sepharose High Performance column (GE Healthcare).
Preparation of catalytically inactive N-or C-terminal CGHC motifs of PDI. Two different mutant recombinant PDI enzymes were prepared (QuikChange Site-Directed Mutagenesis Kit, Stratagene) with both cysteine residues of one active site mutated to serine residues (C53S, C56S and C397S, C400S). These were designated as rPDI(oo-ss), representing the Cys/SH change to Ser/OH in the N-terminal CGHC active site), and rPDI(ss-oo), representing the Cys/SH change to Ser/OH in the C-terminal CGHC active site. DNA sequencing confirmed the correct base substitutions. Recombinant wild-type PDI, designated as rPDI(ss-ss), and completely inactivated PDI (C53S, C56S, C397S, and C400S), designated as rPDI(oo-oo), were also prepared as previously described (41) . rPDI(ss-ss) showed full activity in the Di-E-GSSG assay, while rPDI(oo-oo) showed no activity. The mutants with one functional active site showed intermediate activity between the wild-type PDI and the completely inactivated PDI.
Assay of enzyme-dependent disulfide reduction. PDI and ERp57 disulfide reductase activities against Di-E-GSSG were monitored in PDI assay buffer (0.1 M potassium phosphate buffer, 2 mM EDTA, pH 7.0) by adding ERp57 or PDI (20 nM) to Di-E-GSSG (150 nM) in the presence of 5 μM DTT. The increase in fluorescence was monitored at 545 nm, with excitation at 525 nm, as described previously (28, 41) . The degree of inhibition was relative to the total amount of EGSH formed over the time period of the assay or to the initial velocity of the reaction (nM EGSH formed per minute).
FeCl 3 -induced thrombosis of the carotid artery. Carotid artery thrombosis was induced in mice aged 6 to 8 weeks by treating the exposed artery with filter paper soaked in 5% FeCl 3 for 2 minutes. Blood flow through the carotid artery was monitored using a small animal transducer as described previously (41) . An occlusion was considered stable when flow completely stopped for at least 5 minutes. The operator was blinded to the mouse genotype while performing experiments.
FeCl 3 -induced platelet accumulation and thrombosis of the mesenteric artery. To follow in vivo accumulation of platelets, Alexa Fluor 488-labeled anti-mouse CD41 F(ab)2 antibody was injected into mice through tail veins. The mesenteric artery was exteriorized through a midline abdominal incision. A single arteriole was visualized under a Zeiss Scope A fluorescent microscope. Vessel injury was generated by placing a 1-× 2-mm patch of Whatman No. 1 filter paper soaked in 5% FeCl 3 above the exposed artery for 1 minute. The filter paper was removed and platelet accumulation observed and photographed every minute for 15 minutes. The fluorescent intensity (FI) of the platelet accumulation and thrombus formation was analyzed by ImageJ software. The FI divided by the area analyzed gave the relative FI for each injury and is indicated by FI/μm 2 . The area analyzed was obtained from the length analyzed multiplied by the diameter of each injured vessel. The length of the thrombus was from the beginning of the upstream edge of the thrombus to 1 mm downstream of this site. Background FI of the uninjured vessels was negligible. In some experiments, recombinant protein was intravenously injected into the mice 5 minutes before the injury.
Intravital microscopy of laser-induced thrombosis of the cremaster muscle arterioles. Laser-induced injury of the mouse cremaster muscle arteriole was performed as previously described (37, 46, 58) . Alexa Fluor 647-labeled anti-fibrin antibody and Alexa Fluor 488-labeled anti-CD41 F(ab)2 fragments (BD Biosciences) were infused at 0.1 μg/g into the jugular vein, followed by infusion of PDI mutants with BSA as a control (200 μg per mouse). After 5 minutes, arterioles (30-to 45-μm diameter) were injured using a Laser Ablation system (Intelligent Imaging Innovations [I3]) with a Zeiss microscope (Axio Examiner D1) objective parfocal with the focal plane. The laser power was set to 55% to 65%, and the laser was fired at the vessel wall with 1 to 3 pulses until thrombi were induced. Approximately 10 thrombi were studied in a single mouse. Injuries in which puncture of the vessel occurred or injuries in which no thrombi formed were excluded. The average number of laser pulses per injury was equal for all conditions (data not shown). Data were captured using a CCD camera (Cool Snap HQ2) using Slidebook 5.0 image acquisition and analysis software (I3). Data were collected for 5 minutes after vessel wall injury. Image analysis was performed using Slidebook Version 5.0 (I3). Data were obtained from a total of 30 thrombi per group for each experimental condition.
Flow cytometry and aggregation and secretion studies of mouse platelets. Flow cytometry studies of mouse platelets were performed using platelet-rich plasma prepared and diluted into Tyrode's buffer as described previously (41) . The platelet-rich plasma was prepared from blood drawn into acid-citrate dextrose solution from the inferior vena cava (41) . Aggregation studies were performed using washed platelets prepared as described previously (59) . The monoclonal anti-PDI antibody RL90 and the IgG2a control antibody were extensively dialyzed against PBS to completely remove sodium azide, which may have an inhibitory effect on platelets. Platelet concentration was measured using a Sysmex Coulter Counter, jci.org Volume 125 Number 12 December 2015
and collected and analyzed data. LR, VMH, and MP assisted with the in vivo hemostasis and thrombosis models, helped with manuscript writing and study design, and interpretation. DWE designed the project, supervised the research, analyzed the data, and wrote the manuscript.
Statistics. Data analysis was performed using the statistical software GraphPad Prism 5. For parametric comparison, the values were expressed as the mean ± SEM, and 1-way ANOVA, followed by Tukey's test for multiple groups and 2-tailed Student's t test for 2 groups were used. For nonparametric comparison of the area under the curve of the laser-injury experiments, Wilcoxon-Mann Whitney test was used (37) . A P value of less than 0.05 was considered significant.
Study approval. All studies on human platelets were performed after approval by the Temple University (IRB no. 20857) or the Soochow University (IRB no. 2012037) IRBs, with informed consent, in accordance with the Declaration of Helsinki. Experiments in mice were performed in accordance with the Temple University, Soochow University, and Children's Hospital of Philadelphia institutional guidelines and with approval of their IACUCs (IACUC no. 4211, Temple University; IACUC no. 001344, Soochow University; IACUC no. 12-000674, Children's Hospital of Philadelphia).
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